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We demonstrate experimentally, and explain theoretically, generation of a wide, fundamentally phase locked
Kerr frequency comb in a nonlinear resonator with a normal group velocity dispersion. A magnesium fluoride
whispering gallery resonator characterized with 10 GHz free spectral range and pumped either at 780 nm or
795 nm is used in the experiment. The envelope of the observed frequency comb differs significantly from the
Kerr frequency comb spectra reported previously. We show via numerical simulation that, while the frequency
comb does not correspond to generation of short optical pulses, the relative phases of the generated harmonics
are fixed.
A nonlinear monolithic optical resonator pumped with con-
tinuous wave (cw) light can produce a broad optical frequency
(Kerr) comb [1–24] and a train of ultrashort optical pulses
[21, 22], generated due to resonant modulation instability ef-
fect [25–30]. The process is phase matched in a broad range of
parameters if the group velocity dispersion (GVD) of the res-
onator modes is anomalous [31, 32]. However, phase match-
ing is compromised in the case of purely normal GVD. While
modulation instability [26, 27, 30, 33–36] as well as mode
locking [37, 38] is still possible under this condition, gen-
eration of a broad frequency comb has not been previously
demonstrated under net normal GVD. Short optical pulses can
be created in a Kerr frequency comb system if the optical loss
of a nonlinear ring microresonator has specific frequency de-
pendence [39]. The loss dependence modifies the GVD of the
resonator in a way similar to conventional mode locked lasers
that can operate at any GVD. This method, though, is not eas-
ily utilizable for a large variety of the broadband monolithic
microresonators.
In this Letter we report on observation of a stable normal
GVD Kerr frequency comb. The shape of the frequency en-
velope of the comb differs significantly from the earlier pre-
dictions and observations [34, 37, 38]. By demodulating the
comb on a fast photodiode and observing the phase noise of
the generated radio frequency (RF) signal we prove that the
frequency harmonics are phase locked [3]. To ensure gen-
erality of the phenomenon we performed the experiment at
two different wavelengths, 780 nm and 795 nm, using sev-
eral different resonators and confirmed generation of the mode
locked combs with similar properties.
Using numerical simulations, we reproduce the frequency
comb envelope and show that the comb does not correspond
to generation of a short optical pulse in the resonator; rather,
the pulses are ”dark,” i.e. they have lower power as compared
to the DC background in the resonator. The frequency comb
produces bright pulses at the resonator output, due to the inter-
ference with the pump light. It is worth noting that generation
of bright pulses inside the resonator usually leads to genera-
tion of ”dark” pulses at the resonator output [40]. The pump
light has to be filtered out to enable observation of the bright
pulses [22].
Numerical simulations are particularly useful for valida-
FIG. 1: Schematic of the experiment. Either a 780 nm or 795 nm
distributed feedback semiconductor laser is self-injection locked to a
magnesium fluoride whispering gallery mode resonator. An optical
frequency comb is generated in the resonator and analyzed using an
optical spectrum analyzer. The resonator is characterized with essen-
tially normal GVD and the shape of comb envelope has three distinct
maxima.
tion of the experimental results. It has been argued pre-
viously that there are multiple reasons for comb generation
in a multimode nonlinear resonator characterized with nor-
mal GVD. For example, avoided crossing between resonator
modes allow achieving anomalous GVD locally, which results
in comb generation [18]. A resonator can have both normal
and anomalous GVD mode families, so the frequency comb
is preferably generated involving the anomalous GVD modes
[11]. Our simulation reported in this Letter reproduces the ob-
served comb envelope for realistic experimental parameters. It
confirms that the comb can be generated in the continuously
pumped normal GVD nonlinear resonator without any addi-
tional technique to achieve phase matching. There is no need
for engineering morphology of the resonator [11] to introduce
a mode family with a specific geometrical dispersion to ensure
local phase matching of the nonlinear process. While this kind
of shape adjusting is possible, it is rather complex.
These results are important since they pave the way toward
generation of a broad Kerr frequency comb at any desirable
wavelength, including visible and ultraviolet, in a nonlinear
monolithic resonator of any morphology. The normal GVD
combs are suitable for interrogation of various atomic transi-
tions and for creation of compact optical clocks [41].
In the experiment we use a magnesium fluoride (MgF2)
whispering gallery mode (WGM) resonators with approxi-
mately 7 mm diameter, which corresponds to 9.9 GHz free
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2spectral range (FSR) at 780 nm as well as 795 nm cw pump-
ing wavelength. The resonators are fabricated from a com-
mercially available z-cut MgF2 optical window by mechanical
polishing. The shape of the resonators in the vicinity of mode
localization is that of an oblate spheroid with removed polar
caps for easier integration. The resonator modes have loaded
quality factor exceeding Q = 2.5 × 109, which corresponds
to half width at half maximum (HWHM) γ = 77 kHz. The
bandwidth is worse as compared to HWHM of 15 − 20 kHz
observed at 1550 nm with the resonators, caused by the in-
crease of Rayleigh scattering at shorter wavelength.
The light emitted from a distributed feedback (DFB) semi-
conductor laser is coupled to the resonator with a coupling
prism. The backscattered light from the resonator is used to
lock the laser to the WGM of interest [42]. The light ex-
iting the prism in the forward direction is collimated into a
single mode fiber and analyzed with an optical spectrum ana-
lyzer. The optical power emitted by the laser is approximately
10 mW, and about 60% of the power is lost due to imperfect
mode matching. The threshold of the frequency comb gener-
ation is approximately 0.3 mW.
The spectrum of the optical frequency comb observed at
780 nm is shown in Fig. (2a). Our optical spectrum analyzer
did not have enough resolution to separate the comb lines, so
we were able to see the envelope only. To verify the comb
repetition rate we sent the optical signal to a fast photodiode,
and then to an RF spectrum analyzer that revealed a spectrally
pure beat note at 9.9 GHz Fig. (2b). The measurement con-
firmed that the comb repetition rate is the fundamental one,
i.e. it coincides with the FSR of the resonator. The comb has
approximately 80 harmonics, according to the envelope width
measurement.
The spectrum of the RF signal is helpful for estimating the
contrast of the comb frequency harmonics. The RF spec-
trum analyzer measures the power spectrum of the photocur-
rent, proportional to i2ph. We estimate the RF power gener-
ated at the comb repetition frequency to be proportional to
PpumpPsideband, where Psideband/Ppump ≈ 10−2. Let us
assume that the optical comb is overlapped with white noise
having power density Snoise. Mixing the noise with the pump
light results in an RF signal with power PpumpSnoiseRBW .
The measured RF spectrum has at least 50 dB contrast with
no spurious RF signal visible. This means that Snoise <
10−5Psideband/RBW ' −110 dBm/Hz and the optical con-
trast is at least 80 dB, when a proper measurement with 1 Hz
RBW is performed.
We observed similar comb envelope at 795 nm Fig. (3). The
threshold cw power was approximately the same as one in the
experiment with 780 nm light. The comb generated 9.84 GHz
RF signal with a high speed photodiode. The signal had rea-
sonably good spectral purity characterized with single side-
band phase noise of−106 dBc/Hz at 10 kHz frequency offset,
which proves phase locking of the comb harmonics.
The observed normal GVD comb had several stable
branches, similarly to the case of anomalous-GVD frequency
combs, as illustrated by Fig. (3). While the branches were
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FIG. 2: A fundamental optical frequency comb generated with the
normal GVD MgF2 WGM resonator, (a), and RF frequency sig-
nal generated at the photodiode by the comb (20 kHz resolution
bandwidth (RBW)), (b). The comb lines separated by 10 GHz are
not resolved by the optical spectrum analyzer. The red line is the
Lorentzian fit of the skirts of the RF signal. Such a fit is a good
measure of the instantaneous linewidth of the RF radiation.
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FIG. 3: Optical spectra of Kerr frequency combs observed at 795 nm.
(a) A nearly ideal comb envelope with slightly pronounced domi-
nance of forth-order harmonics (seen at 40 GHz from the pump fre-
quency). (b) The comb with dominating third-order harmonics. Both
comb envelopes show some irregularities resulting from the mode in-
teraction in the multi-mode resonator.
characterized with similar spectral purity, they had different
power distribution among the harmonics within the comb en-
velope. Generation of chaotic signals was also observed. In
addition to the multitude of the stable solutions, we observed
the influence of resonator mode interaction on the comb gen-
eration [18]. To reduce the influence of the mode interaction
regime we tuned the resonator spectrum by changing its tem-
perature.
3The shape of the envelope of the frequency comb looks
rather different from the conventional triangular comb enve-
lope shapes predicted and observed in resonators with nor-
mal GVD [34, 37, 38]. The envelope has symmetric peak-like
structures followed by steep skirts. The ”peaks” of the ob-
served comb envelope are located at 35th mode from the car-
rier. We examined the observation using numerical simulation
and found out that the given shape of the frequency comb may
indeed be generated in the resonator.
We need to know the value of GVD to perform the simula-
tion. Using Sellmeier equation for MgF2 and an asymptotic
expression describing the spectrum of a dielectric spherical
resonator we find refractive index of the material, n0 = 1.38,
and normal GVD, β2 ' 21.8 ps2/km at the 780 nm pump
wavelength. The GVD drops by 3% if 795 nm pump is se-
lected instead. It is worth noting that MgF2 is characterized
with anomalous GVD at longer wavelengths and zero GVD
point is located approximately at 1,377 nm for the resonator
of given dimensions. The GVD value corresponds to 2.96 kHz
frequency difference between adjacent FSRs (2ν0−ν+−ν− '
2.96 kHz, where ν0 is the linear frequency of the pumping
light, ν± are the frequencies of the optical sidebands, FSR is
given by ν+−ν0 ' ν0−ν− ' 9.96 GHz). The dimensionless
GVD parameter, defined as D = (2ν0 − ν+ − ν−)/γ [30], is
equal to 0.039 for this resonator. MgF2 is characterized with
cubic nonlinearity n2 = 0.9× 10−16 cm2/W [43]. The mode
volume is V ≈ 10−6 cm3.
We numerically solve a set of ordinary differential equa-
tions describing the behavior of 101 optical modes, expecting
all the modes to be identical and completely overlapping in
space.
˙ˆaj = −(2piγ + iωj)aˆj + i
h¯
[Vˆ , aˆj ] + F0e
−iωtδj0,j , (1)
where aˆj is an annihilation operator for jth mode, δj0,j is the
Kronecker’s delta, Vˆ = −(h¯g/2)(eˆ†)2eˆ2, eˆ = ∑ aˆj . We
introduce a coupling constant g = h¯ω20cn2/(Vn20) = 6 ×
10−4 s−1 as well as a dimensionless pumping constant f =
(F0/2piγ)(g/2piγ)
1/2, where F0 = (4piγP/(h¯ω0))1/2 stands
for the amplitude of the continuous wave external pump, ω0 =
2piν0, and P is the pump power. The pumping constant is
f = 7 for P = 2.2 mW. It is also useful to introduce P0 =
45 µW describing the lowest threshold of hyper-parametric
oscillation for optimal anomalous GVD value. The threshold
is higher for the case of anomalous GVD.
The external continuous wave pump is applied to the cen-
tral mode of the mode group (j = j0). Only the second order
frequency dispersion, as described by parameter D, is taken
into account. The only free parameters are the pump ampli-
tude, f , and frequency detuning, ∆ = (ν − ν0)/γ, where ν is
the frequency of the optical pump.
Results of the simulation are presented in Fig. (4) and
Fig. (5). The simulation show that it is possible to generate
a stable frequency comb in a normal GVD resonator. The
simulated envelope resembles the frequency comb envelope
observed experimentally (compare Fig. (2), Fig. (2a), and
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FIG. 4: Numerically simulated spectra of optical frequency combs
for two different pump power levels and GVD parameters. (a) D =
0.039, (b) D = 0.078.
Fig. (4)). The position of the ”peaks” at the envelope depends
on the normalized GVD value (parameterD) and does not de-
pend much on the pump power. The mode where the ”peak”
occurs has the approximate number |j − j0| ≈ D−1.
To generate a broader frequency comb one needs to reduce
D. This parameter depends on the GVD of the resonator as
well as loading of the resonator modes. It means, in particular,
that in the experiment the comb spectrum should drastically
change depending on the degree of resonator loading asD de-
creases with the loading increase. This is what was observed
in our measurements.
To verify phase locking of the comb harmonics we found
the envelope of the pulse generated in the resonator (Fig. 5).
The frequency comb corresponds to a manifold of short
”dark” pulses travelling inside the resonator. The pulse enve-
lope does not change in time which proves mode locking (and
phase locking) of the comb harmonics. Bright high contrast
pulses can be created if only several frequency harmonics are
selected (j = 40 − 47) and the carrier harmonic is excluded.
The selection procedure can be realized by retrieving the fre-
quency comb out of the resonator using the second evanescent
field coupler and by filtering the output with a bandpass filter.
This procedure, though, results in the expected increase in the
pulse duration.
In conclusion, we have demonstrated experimentally the
feasibility of generation of a phase locked optical frequency
comb in a nonlinear resonator characterized with normal
GVD. The optical envelope of the comb was recorded and
phase locking was confirmed via measurement of the RF sig-
nal generated by the comb with a fast photodiode. The possi-
bility of comb generation was confirmed by numerical simu-
lation.
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FIG. 5: Numerically simulated envelope of intracavity optical pulses
in terms of normalized amplitude |A|(g/γ)1/2 (j = 1 . . . 101, blue
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